Purpose-In this study we sought to: (1) objectively assess the risk related to various pretransplant recipient and donor characteristics; (2) devise a preoperative risk stratification score (RSS) based on pre-transplant recipient and donor characteristics predicting graft loss at 1-year; and (3) define different risk strata based on RSS.
INTRODUCTION
With median post-transplant survival approaching ten years [1] [2] [3] , heart transplantation remains the gold standard in the treatment of end-stage heart failure patients. However, transplantation is limited by a scarcity of donor organs, which number under 2,500 per year [4] compared to the approximately 60,000 potential recipients who could benefit from transplantation [5] . Therefore, achieving maximal benefit from transplantation is predicated on improved recipient selection and recipient and donor matching. To this end, the risks and benefits associated with transplanting various types of heart failure patients must be better understood.
The purpose of this study is: (1) to objectively define pre-transplant recipient and donor characteristics associated with graft failure at 1-year; (2) to devise a preoperative risk stratification score (RSS) based on these pre-transplant characteristics predicting graft failure at 1-year; and (3) to define different risk strata based on the RSS.
MATERIAL AND METHODS

Data Collection
Approval for this study was granted by Columbia University's Institutional Review Board, and use of this data is consistent with the United Network for Organ Sharing (UNOS) Data Use Agreement. The Standard Transplant Analysis and Research Dataset was provided by UNOS (data source # 061809-6).
Study Population
All individuals aged 18 years and older undergoing heart transplantation between January 1, 2001 and December 31, 2007 in the United States were included in the study population. Patients were excluded if they underwent other simultaneous organ transplant (n=319) and if they lacked follow-up data (n=57). Follow-up data was provided through June 18, 2009. Patients were followed from the date of transplant until death, retransplantation, or date of last known follow-up, which was the last day of follow-up data provided by UNOS.
Data Analysis
All data were analyzed using a standard statistical software package, Stata 9 (Stata Corp, College Station, TX). Continuous variables were reported as mean ± standard deviation and compared using the Student's T-test. To compare categorical variables, the chi-squared test was used. Kaplan-Meier analysis with log-rank test was used for time to event analysis. The conventional p-value of 0.05 or less was used to determine the level of statistical significance. All reported p-values are two-sided.
Risk Score
Logistic regression was used to develop a model to predict 1-year graft failure in order to assess the simultaneous effect of multiple variables. Graft failure was defined as death or retransplantation occurring within one year of transplant. Variables included in the model are summarized in the caption of Table 1 . All variables significant in univariate analysis were included in the regression analysis, and backward selection (p < 0.20) was used to construct the model. The odds ratio and 95% confidence interval are reported for each factor and represent the risk of graft failure at one year. Factors with a statistically significant association with graft failure at 1 year were used to develop the risk score. The odds ratios calculated in regression analysis were used to assign weights for each of these risk factors. Model discrimination between the two groups of interest (graft survival and graft failure) was assessed by calculating the area under the receiver operating characteristic (ROC) curve.
Stratum-Specific Likelihood Ratios
Risk stratification scores (RSS) were calculated using threshold analysis with ROC curves and stratum-specific likelihood ratios (SSLR). ROC curves were generated by plotting sensitivity on the ordinate and 1 -specificity on the abscissa with RSS as a continuous variable and 1-year graft failure as a binary outcome [6] . SSLRs and 95% confidence intervals for 1-year graft failure were generated for regular intervals (0.01) of RSS (eg. RSS=0-0.01, RSS=0.01-0.002, RSS=0.02-0.03) as previously described [7, 8] . SSLRs were defined with the use of the following formula:
where χ1g = the number of episodes of graft failure at less than 1 year in the gth stratum of the given RSS interval, η1 = the total number of grafts lost at less than 1 year follow-up after transplantation, χ0g = the number of grafts surviving at 1 year follow-up or more after transplantation in the gth stratum of the given RSS interval, η0 = the total number of grafts surviving at 1 year follow-up or more after transplantation, and where χ1g/η1 = the probability of being in the gth stratum of a given RSS interval given that a graft has failed at less than 1 year follow-up after transplantation, and χ0g/η0 = the probability of being in the gth stratum of a given RSS interval given that one has survived at 1 year follow-up or more after transplantation. Ninety-five percent confidence intervals were calculated as follows: where RSS Strata were generated by combining adjacent RSS intervals in a stepwise fashion with other statistically indistinct RSS intervals based on the presence of SSLRs with overlapping 95% confidence intervals. A new strata was formed when the next RSS interval was statistically different based on the presence of SSLRs with non-overlapping 95% confidence intervals. Survival analysis, ROC curve areas, and SSLR computations were performed with Stata 9.
Survival Analysis
Kaplan-Meier analysis with log-rank test was used for time to event analysis for actuarial survival. For survival analysis, the outcome of interest was graft failure. Graft failure was defined as death or retransplantation occurring during the study period. In order to assess the impact of RSS on early and late mortality, the incidence rate of graft failure per 100 patientyears was calculated at multiple time intervals (<90 days, 90 days -1 year, 1 -2 years, 2 -5 years, > 5 years).
RESULTS
Study population
Analysis included 11,703 heart transplant recipients with a mean follow-up time of 3.33 ± 2.22 years (range: 0 -8.28 years). Due to missing data, 837 individuals (6.67%) were excluded from the logistic regression analysis. In graft survival analysis, the outcome of interest was death (n=2,722, 23.26%) or retransplantation (n=120, 1.03%). Patients lost to follow-up (n=277, 2.37%) or alive at last known follow-up (n=8,584, 73.35%) were censored at the date of last known follow-up.
Risk Factors
The logistic regression model of graft failure based on preoperative recipient and donor characteristics is shown in Table 1 . Using the odds ratio calculated in regression analysis, weights were assigned to each risk factor. The maximum possible score was 23.2 based on recipient characteristics, and 8.5 based on donor characteristics, for an overall maximum score of 31.7. The model, with an area under the receiver operating characteristics curve of 0.666 (0.651 -0.681), had moderate ability to discriminate between graft survival and graft failure.
Risk Groups
Threshold analysis identified five discrete risk groups: low risk (LR), intermediate risk (IR), moderate risk (MR), elevated risk (ER), and high risk (HR) [ Table 2 ]. The number of risk factors per group are shown in Figure 1 . Patients with scores > 9.48 were in the HR group (n=261; 2.2%). All of the patients in the HR group had at least four risk factors. No single HR characteristic was sufficient to place recipients in the HR group. Nearly 93.5% (n=243) of recipients in the HR group possessed ≥ 6 risk factors. This pattern of stacked risk factors persisted in the ER group, with 97.1% (n=301) of this group having ≥ 5 risk factors. In contrast, all of the recipients in the LR had between 0 -2 risk factors. The HR group had a 1-year actuarial graft survival of 47.0%, and a median survival of 0.79 years. Graft survival functions and statistics can be found in Figure 2 . Figure 3 illustrates the incidence rate of graft failure during various time periods following transplantation by risk group. At 0 -90 days and 90 days -1 year, differences in the incidence rate existed across group. However, after the first year post-transplantation, differences in the incidence rate only existed between the low and high risk groups; there were no differences in the other groups at 1 -2 years, 2 -5 years, or > 5 years.
COMMENT
Heart transplantation remains the gold standard in the treatment of end-stage heart failure. Unfortunately, as organs available for transplant remain critically scarce, achieving maximal benefit from transplantation is predicated upon improved recipient selection and matching of recipient-donor pairs. This analysis provides further evidence that it is possible to risk stratify heart transplant candidates based on pretransplant characteristics.
Risk Factors
Recipient risk factors which correlate with graft failure include: poor renal function, poor liver function, advanced age, congenital etiology, and amyloidosis. In addition, markers of patient acuity which correlate with graft failure include ventilator dependence as well as hospitalization at the time of transplant. A recent study from our group [9] demonstrated that pre-transplant implantable LVAD dependence is not associated with decreased graft survival. The current analysis, however, demonstrates that bridging with other types of mechanical circulatory support, including RVAD-only, ECMO, extracorporeal LVAD, and total artificial heart are associated with poor graft survival. Donor risk factors which correlate with graft failure include hepatitis C seropositivity, insulin dependent diabetes mellitus, advanced donor age, prolonged ischemic time, and female gender (regardless of recipient gender).
Due to limitations of UNOS data, some characteristics likely to be associated with diminished graft survival were not statistically significant. For example, peripheral vascular disease occurs across a spectrum of varying severity and anatomical manifestations. This is not reflected in the UNOS data. Rather, it is a data point collected as a binary categorical variable.
Hemodynamic measurements such as pulmonary pressures, may be confounded by a number of factors. Given the available data, it is not possible to know the precise conditions or timing of the measurements. For example it is not possible to know whether or not the patient was under anesthesia or clinically decompensated (or optimized) at the time of the measurements; information regarding vasoactive agents at the time of the measurements was not known; and it is no clear when the measurements were taken relative to the transplantation. Other potentially important characteristics were excluded from the analysis because of poor characterization in the UNOS database. These included high vasopressor or inotrope requirements in donors, coronary artery disease in donors, panel reactive antibodies in recipients, and alcohol, intravenous drug use, or smoking in recipients and donors. Nevertheless, therefore these parameters should not be overlooked in decisions regarding recipient-donor matching.
Risk Strata
As depicted in Figure 1 , more than half of all recipients in the HR group possessed ≥ 7 risk factors, and nearly all recipients in the ER group had ≥ 5 risk factors. In contrast, all of the recipients in the LR group had between 0 -2 risk factors. This supports the concept that stacking risk factors presages poor outcome.
While no single risk factor was sufficient to place a recipient in the highest risk category, some risk factors were more frequently associated with the HR group than others. For example, greater than half of all extracorporeal LVAD patients, two-thirds of ECMO patients, and four-fifths of RVAD-only patients were in the HR group. This is in part explained by the other risk factors associated with these characteristics, including hospitalization at the time of transplant, ventilator dependence, and various degrees of multisystem organ failure. Figure 3 illustrates that at 0 -90 days and 90 days -1 year, differences in the incidence rate of graft failure existed across group. However, not surprisingly, after the first year posttransplant, differences in the incidence rate of graft failure only existed between the LR and HR groups; there were no differences in the other groups at 1 -2 years, 2 -5 years, or > 5 years. Given the focus of 1 year survival in this analysis, this observed trend is not surprising. Furthermore, this trend is a common finding in survival analysis of transplant recipients -differences in outcomes are largely seen in early follow-up, with risk of death usually normalizing across groups with time [1, 9] . This is likely in part because patient acuity at transplant is most highly associated with short-term survival. Further, certain recipients are selected out by death. Finally, post-transplant events (not accounted for in this model) likely have a significant influence on longer-term outcomes. These include rejection, infection, stroke, medical non-compliance, renal failure, and transplant coronary artery disease. Future studies should be undertaken to assess the impact of these events on longterm survival to help direct clinical care. In addition, these studies would provide recipients and their families with important information regarding long term prognosis.
Survival
Who is Too High Risk?
When comparing the HR group with other groups, the risk of graft failure in the first year post-transplant was several-fold higher. Furthermore, long-term graft survival was diminished, with median graft survival in the HR group significantly less than one year. For the HR group, transplantation has limited clinical effectiveness. This raises questions regarding the appropriateness of allocating organs to such high-risk patients.
Conversely, the LR and IR groups all achieved acceptable short-and long-term outcomes; these groups comprised approximately 80% of all recipient-donor pairs transplanted during the study period. Though reduced compared with the LR and IR, the median survival in the MR group exceeded 8 years.
The appropriateness of transplanting the ER group, however, is debatable. Short-term graft survival was relatively poor-with one-third of grafts failing at one year. And while median survival exceeded six years, this is significantly less than the other lower-risk groups. Nevertheless, in order to determine the appropriateness of transplanting this group, additional information including quality of life, costs, as well as a better understanding of this cohort's survival in the absence of transplantation is needed.
Organ allocation to high risk donors
Alternate list transplantation has been applied by an increasing number of centers in order to improve donor organ allocation to "high-risk" recipients. Under alternate lists, high-risk recipients are only eligible for donor organs not suitable for any potential standard recipient. Because donor organs utilized by alternate list recipients would otherwise be discarded, this strategy may expand the donor pool and offer the benefits of transplantation to recipients who otherwise may not benefit from this therapy. However, the criteria used for alternate list transplantation have not been studied prospectively and have not been standardized across centers [5, [10] [11] [12] [13] [14] [15] .
While the current analysis confirmed many commonly used alternate list criteria including recipient advanced age, amyloidosis, and renal dysfunction as well as donor advanced age, hepatitis C seropositivity, and diabetes mellitus, several limitations with this strategy were also highlighted. First, a number of additional risk factors that correlate with poor outcomes but are not commonly used in alternate list criteria were identified. This includes recipient elevated bilirubin, RVAD-only, extracorporeal LVAD, and ECMO dependence. Conversely, retransplantation and recipient hepatitis C seropositivity, which some centers have used as criteria for alternate list, were not associated with significantly worse outcomes. Furthermore, this analysis supports the principle that the magnitude of risk related to a single factor is not sufficient to place a candidate in the high-risk category. In fact, among the commonly applied alternate list characteristics, poor renal function (eGFR < 33) was the highest weighted risk factor. And yet, a recipient with this and no other risk factor would remain in the low risk category. Furthermore, all recipients in the MR groups had at least 3 risk factors, and all recipients in the ER and HR groups had at least 4 risk factors.
In an effort to limit allocation of scare organs to candidates with a high likelihood of poor post-transplant outcomes, it may be prudent to modify the implementation of alternate list transplantation by utilizing a system such as risk stratification score that simultaneously considers multiple factors to estimate a candidate's post-transplant risk. For example, recipient/donor pairings with a risk score exceeding a predetermined threshold would be considered "High-Risk" and only allowed if an organ were declined for all potential non-"High-Risk" matches.
The risk stratification system may have additional benefits. With increasing quality oversight and fixed reimbursement schemes, introduction of a risk stratification scheme may prevent penalizing centers that transplant a greater number of high-risk recipients by better accounting for case mix in quality measures and reimbursement determinations.
Future studies
Additional studies are needed to validate the model presented in this analysis. Future studies should consider quality of life and cost implications of transplanting various groups of heart transplant candidates. Furthermore, in order to improve organ allocation in heart transplantation, future studies should assess the competing outcomes related to organ allocation, including reducing deaths on the waiting list and maximizing post-transplant survival while ensuring efficient and equitable allocation of organs. In the context of this study, such an analysis of pre-transplant survival is complicated by the limitations of retrospective registry data. For example, any study of wait-list survival may be confounded by the non-random nature of patient censoring. Specifically, Cox modeling assumes patients are censored randomly. However, in the case of wait-list survival, this is not true because sicker patients may be preferentially transplanted. Furthermore, while candidates' dependence on mechanical circulatory support at the time of listing was known, data regarding device implantation including date of implant and clinical status are not recorded in the UNOS database. Initiation of mechanical circulatory support during the waiting period is also not captured in the current data set. Analysis of waiting list survival would not account for initiation of mechanical circulatory support during the waiting period, which undoubtedly has an important impact on waiting list survival that cannot be accounted for. As a result, this analysis did not examine wait list survival nor did it attempt to draw conclusions regarding the net benefit of transplantation by risk strata. The UNOS data will soon capture more detailed information regarding the use of mechanical circulatory support, and therefore these analyses should be possible in the future.
Limitations
These data have several limitations. First, patient registries often suffer from variability in data entry. However, fields contained within this database were generally well populated with a 90-99% data entry rate for the majority of variables. Though the UNOS reporting system provided definitions for variables in data guidelines, definitions may vary by center. As the primary outcome measure was graft failure, it is unlikely that center variability would have significantly affected the final conclusions of the analysis, however center variability may have affected the point estimates of the risk factors. Second, although the data analysis supports associations between variables and outcomes, causal relationships cannot be determined. Many of the risk factors may simply be markers for poor clinical status before transplantation rather than a direct causal factor in poor survival. Third, for the purpose of simplifying the scoring scheme for clinical use, variables were assigned weights based on regression analysis and, continuous variables, such as recipient age and eGFR were converted to discrete categories. However, as a result, statistical power is lost. If applied for systematic organ allocation, a more sophisticated equation for generating scores could be developed. Fourth, the risk stratification score remains to be validated, and further studies are required to confirm its accuracy in predicting early post-transplant outcomes. Development of an accurate risk score involves a testing dataset, as used in our analysis to develop the model, and a training set used to test and further refine the model. Given that data from 2001-2008 was used to develop the model, opportunity now exist to validate and further refine the model using data from 2009-2011. This analysis would also ensure that the risk score is also relevant to the current population of recipients. Finally, future studies must also assess the ability of such an allocation scheme to address competing interests such as reducing deaths on the waiting-list while maximizing post-transplant survival.
CONCLUSION AND IMPLICATIONS
Pre-transplant recipient variables significantly influence early and late graft survival following heart transplantation. Thus, some patients face a higher than average risk of graft failure during the first year post-transplant, as well as severely diminished longer-term survival, such that the goal of equitable organ allocation may be compromised. A risk stratification score may improve organ allocation strategies by avoiding the potential negative impact of transplanting extremely high-risk candidates. Number of risk factors by risk strata Survival function by risk strata Incidence rate of death by risk strata at different time points. At < 90 and 90 days -1 year, significant differences existed across all groups. After one year, differences existed only between low and high risk groups. 
